Introduction
============

Osteoporosis is a silent aging process of skeletal tissues, characterized by reductions in bone mass and the microarchitectural deterioration of bone tissue, that results in enhanced bone fragility and, consequently, in increased risk of fractures ([@b1-mmr-17-01-1591],[@b2-mmr-17-01-1591]). As the elderly population increases, the number of patients with osteoporosis is on the rise, and the prognosis of osteoporosis treatment using pharmacological agents is frequently affected by the poor bone quality of the elderly ([@b3-mmr-17-01-1591]). Screening for osteoporosis is based on the assessment of bone mineral density (BMD) ([@b4-mmr-17-01-1591]); however, the decrease in skeletal mechanical strength is not only caused by decreases in BMD, but also by alterations in the bone microstructure, which may be evaluated using non-invasive micro-computed tomography (CT) ([@b5-mmr-17-01-1591],[@b6-mmr-17-01-1591]).

To the best of our knowledge, a number of methods have been employed to establish reliable osteoporosis models ([@b7-mmr-17-01-1591]). Glucocorticoid-induced osteoporosis is the most common form of secondary osteoporosis, which results in reductions in BMD and an increase in fracture risk ([@b8-mmr-17-01-1591],[@b9-mmr-17-01-1591]). Treatment with glucocorticoids leads to a decrease in the generation of osteoblasts and osteocytes, accompanied by an elongation in the lifespan of osteoclasts ([@b10-mmr-17-01-1591],[@b11-mmr-17-01-1591]), which in turn increases bone resorption and inhibits the formation of new bone matrix. In the present study, the prednisolone (PRED)-induced osteoporosis model was used to study osteoporosis. Increased apoptosis and decreased autophagy of osteoblasts has been observed following treatment with a high dose of glucocorticoids in mice ([@b12-mmr-17-01-1591],[@b13-mmr-17-01-1591]). A number of mechanisms have been suggested to be involved in glucocorticoid-induced apoptosis, including the upregulation of the proapoptotic factors apoptosis regulator BCL2 (Bcl-2)-like protein 11 and Bcl-2 homologous antagonist/killer, and the downregulation of the pro-survival factor Bcl-xL ([@b14-mmr-17-01-1591]). Notably, the dosage of glucocorticoid treatment determines the fate of osteocytes: A low dose of glucocorticoids induces autophagy, whereas a high dose induces apoptosis ([@b15-mmr-17-01-1591]).

β-Ecdysterone (β-Ecd) is a naturally-occurring estrogen analog derived from *Achyranthes bidentata* Blumeand *Cyanotis arachnoidea* C.B. Clarke, and has been reported to stimulate protein synthesis, to promote carbohydrate and lipid metabolism, to alleviate hyperglycemia and hyperlipidemia, to modulate immune reactions, and to protect endothelial cells from apoptosis and induce their proliferation ([@b16-mmr-17-01-1591]--[@b18-mmr-17-01-1591]). β-Ecd has been revealed to attenuate the 1-methyl-4-phenylpyridinium-induced apoptosis of PC12 cells ([@b19-mmr-17-01-1591]) and to protect SH-SY5Y cells against 6-hydroxydopamine-induced apoptosis, by interfering with p38 mitogen-activated protein kinase-p53 signaling ([@b20-mmr-17-01-1591]). Treatment with β-Ecd additionally prevented the glucocorticoid-induced reduction in bone formation rate, the decrease in trabecular bone volume and cortical bone loss in mice *in vivo* ([@b9-mmr-17-01-1591]).

The present study aimed to investigate whether β-Ecd was able to rescue the PRED-induced suppression of bone formation in rats *in vivo*. The present results suggested that treatment with β-Ecd may inhibit bone loss and prevent the deterioration of bone mechanical properties associated with PRED use, possibly through the maintenance of bone formation. In addition, autophagy was examined following treatment with PRED or β-Ecd, and the present findings suggested that autophagy may be among the mechanisms underlying the bone-anabolic effects of β-Ecd.

Materials and methods
=====================

### Induction of osteoporosis and β-Ecd treatment

All animal care and experimental procedures in the present study complied with the protocols approved by the Institutional Animal Care and Use Committee of Xiao Shan TCM Hospital (Xiaoshan, China). A total of 24 specific pathogen-free Sprague-Dawley male rats (age, 4 weeks; weight, 180--220 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and housed in an animal facility at 25°C, with a relative humidity of 60--70%, under a 12-h light/dark cycle with free access to food and water. The rats were randomly divided into the 4 following groups (8 rats/groups): i) Control group (untreated rats); ii) PRED group, where a pellet of PRED (2.5 mg/pellet; Zhengzhou Lingrui Pharmaceutical Co., Ltd., Xinzheng, China) was subcutaneously implanted into the back of the rats every day for 4 weeks; iii) PRED + β-Ecd group, where rats received PRED subcutaneously similar to the PRED group, and were additionally subcutaneously injected with β-Ecd (5 or 10 mg/kg body weight; Shanghai Tauto Biotech Co., Ltd., Shanghai, China) 5 times for 4 weeks; and iv) PRED + alendronate (ALN) group, where rats received PRED subcutaneously similar to the PRED group, and were also subcutaneously injected with ALN (3 mg/kg body weight; Merck & Co., Inc., Whitehouse Station, NJ, USA) 5 times for 4 weeks.

### Structural analysis using micro-CT and measurement of BMD

The fifth lumbar vertebrae (L5) were isolated following 4 weeks of treatment as previously described ([@b21-mmr-17-01-1591]), fixed in 1% formalin overnight at room temperature and in 70% ethanol for 2 h at room temperature. The micro-CT apparatus and the SCANCO image processing language (version 5.08b) software used in the present study were obtained from Scanco Medical AG (Brüttisellen, Switzerland). The micro-CT contained a micro X-ray source (current, 85 mA; potential, 70 kV) directed toward the samples, according to the manufacturer\'s instructions. The BMD (g/cm^3^) of the L5 was measured using dual-energy C-ray absorptiometry with a DCS-600 Aloka bone densitometer (Hitachi, Ltd., Tokyo, Japan) using the small-animal scan mode.

### Immunofluorescence

Paraffin-embedded lumbar vertebrae (L1-2) sections (4--7 µm) from rats (4 rats/group) were fixed in 10% formalin overnight at room temperature, separately dehydrated by 50, 70, 85, 95 and 100% ethanol for 2 h, deparaffinized by dimethylbenzene for 15 min and separately hydrated by 100, 95, 85 and 75% ethanol for 5 min at room temperature for histological assessment. For antigen retrieval, the tissue sections were incubated in sodium citrate buffer (JRDUN Biotechnology, Co., Ltd., Shanghai, China) at 37°C for 15 min and heated in a microwave oven at 92--98°C for 10--30 min. Following antigen retrieval, the tissue sections were permeabilized with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 20 min at room temperature. Following blocking with 2% bovine serum albumin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in PBS for 1 h at room temperature, the tissue sections were incubated with anti-Beclin-1 (1:200, cat. no. ab62557; Abcam, Cambridge, MA, USA) and anti-microtubule-associated protein 1A/1B-light chain (LC) 3I/II (1:200, cat. no. ab128025; Abcam) antibodies at 4°C overnight, prior to incubation with the corresponding fluorescein isothiocyanate-labeled goat anti-rabbit immunoglobulin G (IgG) (H+L) secondary antibodies (1:500, cat. no. A0562; Beyotime Institute of Biotechnology, Haimen, China) for 1 h at room temperature. The nuclei were then stained with 1 µg/ml 4′,6-diamidino-2-phenylindole for 5 min at room temperature. Stained sections were observed under a CX41RF fluorescence microscope (Olympus Corporation, Tokyo, Japan) at ×200 magnification.

### Terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling (TUNEL) staining

TUNEL staining of the fifth lumbar vertebrae from rats (4 rats/group) was performed using the *In Situ* Cell Death Detection kit, POD (cat. no. 11684817910; Sigma-Aldrich; Merck KGaA), according to the manufacturer\'s instructions. Each section (4--7 µm) was fixed in 10% formalin overnight and separately dehydrated by 50, 70, 85, 95 and 100% ethanol for 2 h at room temperature. Sections were incubated with TUNEL reagent for 1 h at 37°C and stained with DAB for 10 min and hematoxylin for 5 min at room temperature. Sections were visualized under a fluorescence microscope (CX41RF; Olympus Corporation, Tokyo, Japan) and the numbers of TUNEL-positive cells were counted at ×200 magnification in 30 fields of view/section.

### Biochemical analysis

Serum was isolated from rats (4 rats/group) after 4 weeks treatment. Briefly, 10 ml of blood was collected in a serum separator tube and processed within 1 h. Separation of the serum was accomplished by centrifugation at 800 × g for 10 min at room temperature. The serum concentration of calcium and phosphorus, and the activity of tartrate-resistant acid phosphatase (TRAP) and alkaline phosphatase (ALP) were measured using a Hitachi 7070 analyzer (Hitachi, Ltd.).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from tibia tissues isolated and crushed from rats (4 rats/group) after 4 weeks treatment as previously described ([@b22-mmr-17-01-1591]), using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer\'s instructions. A total of 1 µg RNA was reverse transcribed to cDNA using a cDNA synthesis kit (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. qPCR was performed using SYBR-Green (Takara Biotechnology Co., Ltd., Dalian, China) on a StepOne Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.), with GAPDH as an internal control. The following thermocycling conditions were used for the PCR: 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 45 sec, and a final extension step of 95°C for 15 sec, 60°C for 1 min, 95°C for 15 sec and 60°C for 15 sec. The primers used in the present study were as follows: Bone morphogenetic protein 2 (BMP2) forward, 5′-CTGTCCCTACTGATGAGTTTC-3′ and reverse, 5′-CTAACCTGGTGTCCAATAGTC-3′; Beclin-1 forward, 5′-GAGTTGCCGTTGTACTGTTC-3′ and reverse, 5′-TGCCTCCAGTGTCTTCAATC-3′; Runt-related transcription factor (RUNX) 2 forward, 5′-ACTTCGTCAGCGTCCTATC-3′ and reverse, 5′-CATCAGCGTCAACACCATC-3′; autophagy protein (ATG) 5 forward, 5′-TGGCTGAGCGAGCATCTGAG-3′ and reverse, 5′-TGACTGCGGGTGGTTCCATC-3′; receptor activator of nuclear factor-κB ligand (RANKL) forward, 5′-CACAGCGCTTCTCAGGAGTT-3′ and reverse, 5′-GATGGTGAGGTGAGCAAACG-3′; and GAPDH forward, 5′-CACCCACTCCTCCACCTTTG-3′ and reverse, 5′-CCACCACCCTGTTGCTGTAG-3′. Relative gene expression was calculated according to the comparative Cq method ([@b23-mmr-17-01-1591]) and the fold-change of target gene expression was normalized to the internal control GAPDH.

### Western blot analysis

The tibia tissue samples obtained from rats (4 rats/group) after 4 weeks of treatment were homogenized in ice-cold lysis buffer \[150 mM NaCl, 0.5% Triton X-100, 50 mM Tris-HCl (pH 7.4), 20 mM EGTA, 1 mM DTT, 1 mM Na~3~VO~4~ and protease inhibitor cocktail tablet\] and total cell lysates were prepared using radioimmunoprecipitation assay lysis buffer supplemented with protease inhibitor (Beyotime Institute of Biotechnology). The total protein concentration in each sample was measured using a Lowry protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Equal amounts of extracted protein samples (50 µg) were separated by SDS-PAGE on a 10% gel and transferred onto polyvinylidene difluoride membranes (Roche Diagnostics GmbH, Mannheim, Germany). Membranes were blocked in fat-free milk overnight at 4°C and incubated with primary antibodies, anti-Runx2 (1:1,000; cat. no. ab76956), anti-RANKL (1:1,000; cat. no. ab45039), anti-Beclin-1 (1:600; cat. no. ab55878), anti-ATG5 (1:5,000; cat. no. ab108327), anti-BMP2 (1:800; cat. no. ab14933), and anti-caspase-3 (1:500; cat. no. ab44976) (all from Abcam), anti-Bcl-2 (1:400, cat. no. Sc-492; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-LC3 (1:1,000; cat. no. 2775s), and anti-GAPDH (1:1,500; cat. no. 5174) (both from Cell Signaling Technology, Inc., Danvers, MA, USA), for 2 h at 25°C. The membranes were subsequently incubated for 1 h at 37°C with horseradish peroxidase-conjugated IgG secondary antibodies (1:1,000, cat. nos. A0208, A0181, A0216; Beyotime Institute of Biotechnology). Protein bands were visualized using Western Lightning Plus Enhanced Chemiluminescence reagent (PerkinElmer, Inc., Waltham, MA, USA), and blots were semi-quantified by densitometry using Quantity One software version 4.62 (Bio-Rad Laboratories, Inc.).

### Statistical analysis

Data are expressed as the mean ± standard deviation of at least three independent replicates and were analyzed using unpaired, two-tailed Student\'s t-test, and one-way analysis of variance followed by Tukey\'s post hoc test. Statistical analysis was performed using GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effects of β-Ecd on PRED-induced alterations in bone microarchitecture

Bone loss was observed in all PRED-treated rats, as detected using micro-CT analysis ([Fig. 1](#f1-mmr-17-01-1591){ref-type="fig"} and [Table I](#tI-mmr-17-01-1591){ref-type="table"}). In the PRED group, the BMD values of L5 were significantly decreased compared with in the control group. Micro-CT evaluation revealed that the 2-D model bone surface density (BS/TV) of the trabecular bones was significantly decreased in the PRED group compared with in control rats (29.1% decrease; [Table I](#tI-mmr-17-01-1591){ref-type="table"}). 3D model analysis demonstrated that the trabecular number (Tb.N) was significantly lower following PRED treatment compared with in control rats (27.3% decrease; [Table I](#tI-mmr-17-01-1591){ref-type="table"}). In addition, a significantly increased trabecular plate separation (Tb.Sp) was revealed in the PRED treatment group compared with in the control group (59.8% increase; [Table I](#tI-mmr-17-01-1591){ref-type="table"}). The trabecular bone tissue volume density (BV/TV) was revealed to be 30.4% lower following treatment with PRED. However, no significant difference was detected in the trabecular thickness (Tb.Th) and structure model index (SMI) between PRED-treated and control rats. Notably, treatment with 10 mg/kg β-Ecd significantly increased the levels of BMD, BS/TV, BV/TV and Tb.N, whereas it decreased Tb.Sp and SMI compared with the PRED group; treatment with 3 mg/kg ALN produced similar results ([Table I](#tI-mmr-17-01-1591){ref-type="table"}). Additionally, treatment with 5 mg/kg β-Ecd significantly increased the levels of BMD, BS/TV, BV/TV and Tb.N, whereas it decreased Tb.Th and Tb.Sp levels compared with the PRED group ([Table I](#tI-mmr-17-01-1591){ref-type="table"}).

### Effects of β-Ecd on PRED-induced alterations in biochemical indices

In the present study, treatment with PRED was demonstrated to significantly increase the serum levels of calcium and phosphorus by 69.2 and 58.2%, respectively, and enhance the serum activity of ALP and TRAP by 52.8 and 12.9%, respectively, compared with the control group ([Fig. 2](#f2-mmr-17-01-1591){ref-type="fig"}). However, treatment with ALN or 10 mg/kg β-Ecd significantly decreased the serum calcium and phosphorus levels and suppressed the serum activity of ALP and TRAP. Conversely, treatment with 5 mg/kg β-Ecd was revealed to attenuate the PRED-induced increase in ALP and TRAP levels; however, it had no effect on the serum levels of calcium and phosphorus.

### Effects of β-Ecd on PRED-inducedalterations inautophagy and apoptosis

As presented in [Fig. 3](#f3-mmr-17-01-1591){ref-type="fig"}, immunofluorescence staining demonstrated that treatment with PRED markedly downregulated the expression of Beclin-1 and LC3I/II compared with the control group. However, ALN and β-Ecd administration appeared to inhibit the PRED-induced decreases in Beclin-1 and LC3I/II expression. In addition, TUNEL-positive cells in PRED-treated rats were markedly increased compared with control rats, whereas treatment with ALN and β-Ecd was revealed to markedly reduce the number of apoptotic cells in PRED-treated rats ([Fig. 3](#f3-mmr-17-01-1591){ref-type="fig"}). These findings suggested that β-Ecd may inhibit the PRED-induced alterations in autophagy and apoptosis in osteoporotic rats.

### Effects of β-Ecd on PRED-induced alterations in RUNX2, RANKL and BMP2 expression

In order to investigate the effects of PRED and β-Ecd on osteoblast differentiation, the expression of differentiation-associated markers, including BMP2, RANKL and RUNX2, was assessed. Treatment with PRED was revealed to significantly suppress the mRNA expression of RUNX2 and BMP2, whereas it upregulated RANKL mRNA expression ([Fig. 4A-C](#f4-mmr-17-01-1591){ref-type="fig"}). Notably, treatment with ALN or β-Ecd significantly prevented the PRED-induced downregulation in RUNX2 and BMP2, and the upregulation in RANKL mRNA expression in osteoporotic rats ([Fig. 4A-C](#f4-mmr-17-01-1591){ref-type="fig"}). Similar results regarding protein expression were obtained following western blot analysis ([Fig. 4D](#f4-mmr-17-01-1591){ref-type="fig"}).

### Effects of β-Ecd on PRED-induced alterations in Beclin-1, ATG5, LC3I/II, Bcl-2 and caspase-3 expression

The balance between autophagy and apoptosis is important for the maintenance of cellular homeostasis ([@b24-mmr-17-01-1591]). ATG5 is required for LC3-I conjugation and LC3-II formation, and it is regarded as a key marker of autophagosome formation ([@b25-mmr-17-01-1591]), while Beclin-1 has been reported to serve a role in autophagy ([@b26-mmr-17-01-1591]). The present results demonstrated that PRED administration significantly downregulated the mRNA expression of Beclin-1 and ATG5 in rats, whereas treatment with ALN or β-Ecd significantly inhibited the PRED-induced decreases in the mRNA expression levels of Beclin-1 and ATG5 ([Fig. 5A and B](#f5-mmr-17-01-1591){ref-type="fig"}). In addition, western blot analysis revealed that PRED administration markedly suppressed the protein expression of Beclin-1, ATG5, LC3I/II and Bcl-2, whereas it upregulated the expression of caspase-3 ([Fig. 5C](#f5-mmr-17-01-1591){ref-type="fig"}). Notably, treatment with ALN or β-Ecd appeared to counteract the PRED-induced alterations in the expression of Beclin-1, ATG5, LC3I/II, Bcl-2 and caspase-3 *in vivo* ([Fig. 5C](#f5-mmr-17-01-1591){ref-type="fig"}).

Discussion
==========

In the present study, the decreases in BMD and the deterioration of trabecular microarchitecture were demonstrated to reflect bone fragility and bone mass loss in PRED-treated rats. In addition, the alterations in biochemical parameters, including ALP and TRAP activity, calcium and phosphorus levels, and in the expression of autophagy and apoptosis-associated factors, suggested that bone absorption was enhanced, whereas the activity of osteoblastic cells and the formation of new bone were suppressed in PRED-treated rats.

The PRED-induced osteoporosis model has been used in a number of previous studies: Huang *et al* ([@b4-mmr-17-01-1591]) reported a significant decrease in BMD and in the serum levels of calcium, phosphorus and osteocalcin in PRED-induced osteoporotic rats. PRED treatment has additionally been reported to decrease cortical bone mineral contents, cortical thickness, the stress/strain index and mandibular volume, whereas it did not produce marked alterations in trabecular structural parameters ([@b27-mmr-17-01-1591]). Similarly, the findings of the present study demonstrated that PRED induced a significant decrease in BMD, in the serum levels of calcium and phosphorus, and in the serum ALP and TRAP activity in rats, thus indicating high rates of bone turnover following treatment with PRED. To the best of our knowledge, this is the first time that a decrease in volumetric BMD was revealed to be accompanied by the deterioration of trabecular microarchitecture, as measured by micro-CT in rats *in vivo*. Previous studies have reported that the maintenance of trabecular structure is a critical factor for the strength of the lumbar vertebra ([@b28-mmr-17-01-1591],[@b29-mmr-17-01-1591]). In accordance with the present results, previous reports have demonstrated that the BMD was correlated with bone microarchitectural parameters ([@b30-mmr-17-01-1591],[@b31-mmr-17-01-1591]). In the present study, treatment with PRED was revealed to decrease BS/TV, BV/TV and Tb.N, whereas it increased Tb.Sp values in the trabecular bones of rats *in vivo*; Tb.Th and SMI values remained unaltered in PRED-treated rats. The present findings suggested that BS/TV, BV/TV, Tb.N and Tb.Sp may have potential as sensitive biomarkers for the early detection of alterations in trabecular structure, indicative of osteoporosis development.

A previous study used a combination of linkage and association analysis, and linked BMP2 expression to a phenotype of low BMD combined with a high fracture risk ([@b32-mmr-17-01-1591]). BMP2 is produced and secreted by osteoblasts, and has been reported to exert independent effects on the regulation of osteoblast proliferation and mineralization ([@b33-mmr-17-01-1591]). Osteoblasts are involved in bone formation and, through the production of RANKL, are able to modulate the formation and differentiation of osteoclasts; RANKL provides a signal to osteoclast progenitors through RANK, leading to the activation of osteoclast differentiation and function ([@b34-mmr-17-01-1591]). Overexpression of RUNX2 in transgenic mice resulted in an osteoporotic phenotype, thus suggesting that RUNX2 may be involved in genetic processes associated with osteoporosis ([@b35-mmr-17-01-1591]). In the present study, PRED treatment was revealed to suppress the expression of RUNX2 and BMP2, whereas it potentiated the expression of RANKL. In accordance with the present findings, previous studies have reported decreased BMP2 and increased RANKL expression in glucocorticoid-induced osteoporosis models *in vivo* ([@b36-mmr-17-01-1591]) and *in vitro* ([@b37-mmr-17-01-1591]).

A number of mechanisms have been suggested to underlie glucocorticoid-induced osteoblast apoptosis: PRED administration (2.1 mg/kg) has been reported to enhance osteoblast apoptosis in mouse vertebrae, and increase the frequency of osteocyte apoptosis in metaphysical cortical bone, thus resulting in a decrease in vertebral cancellous bone due to reduced bone formation ([@b38-mmr-17-01-1591]). In accordance with this previous study, the present results demonstrated that PRED induced cell apoptosis, via suppressing the expression of the antiapoptotic factor Bcl-2 and promoting the activation of the proapoptotic caspase-3. In addition, PRED administration was revealed to inhibit the expression of autophagosome-regulatory proteins, including Beclin-1, ATG5 and LC3I/II in tibia tissue samples of rats ([@b39-mmr-17-01-1591]); in agreement with the present results, transfection of osteoblasts with Beclin-1-targeting small interfering-RNA effectively inhibited autophagosome formation *in vitro* ([@b39-mmr-17-01-1591]). However, a study by Piemontese *et al* ([@b40-mmr-17-01-1591]) reported contradictory results, as PRED was demonstrated to increase the autophagic flux in osteocyte-enriched mouse bones, as measured using LC3 conversion. The variations in the experimental animals and drug dosages that were used may explain the contradictory findings in the study by Piemontese *et al* ([@b40-mmr-17-01-1591]). A previous study revealed that dexamethasone, in contrast to PRED, induced osteocyte apoptosis, resulted in an increase in autophagy markers and promoted the accumulation of autophagosome vacuoles *in vitro* and *in vivo*, thus promoting the onset of osteocyte autophagy ([@b10-mmr-17-01-1591]).

The present results suggested that β-Ecd may inhibit PRED-induced bone loss and apoptosis, and enhance autophagy in rats *in vivo*. These effects were similar to ALN, which is a bisphosphonate used in the treatment of osteoporosis as it inhibits bone resorption by interfering with the activity of osteoclasts; ALN was used as a positive control in the present study ([@b41-mmr-17-01-1591]). In accordance with the present results, a previous study reported that β-Ecd induced osteogenic differentiation in mouse mesenchymal stem cells and attenuated the development of osteoporosis through an endoplasmic reticulum-associated signaling pathway ([@b16-mmr-17-01-1591]). Additionally, β-Ecd has been demonstrated to prevent glucocorticoid-induced alterations in bone formation, bone cell viability and bone mass, and to prevent the glucocorticoid-induced increase in autophagy in bone marrow stromal cells and whole bone tissue ([@b9-mmr-17-01-1591]). These data generated from an *in vitro* system may not be necessarily and comprehensively consistent with the effects of β-Ecd on autophagy *in vivo*.

In conclusion, the results of the present study suggested that β-Ecd may prevent PRED-induced osteoporosis in rats *in vivo* through the inhibition of bone loss and apoptosis and through the induction of autophagy. Therefore, β-Ecd may in the future be used for the development of treatment strategies for osteoporosis in humans.
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![3D-reconstructed micro-CT images of the 5th lumbar vertebrae isolated from rats in the various treatment groups. Control, untreated rats; PRED, rats received PRED for 4 weeks; PRED + ALN, rats received PRED and ALN for 4 weeks; PRED + β-Ecd, rats received PRED and β-Ecd (5 or 10 mg/kg) for 4 weeks. CT, computed tomography; PRED, prednisolone; ALN, alendronate; β-Ecd, β-ecdysterone.](MMR-17-01-1591-g00){#f1-mmr-17-01-1591}

![Biochemical parameters in rats from various experimental groups. The serum activity or expression of (A) ALP, (B) Ca, (C) TRAP and (D) P were detected using a biochemical analyzer. Control, untreated rats; PRED, rats received PRED for 4 weeks; PRED + ALN, rats received PRED and ALN for 4 weeks; PRED + β-Ecd, rats received PRED and β-Ecd (5 or 10 mg/kg) for 4 weeks. Data are expressed as the mean ± standard deviation. \*P\<0.05, \*\*P\<0.01 vs. control; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. PRED. ALP, alkaline phosphatase; TRAP, tartrate-resistant acid phosphatase; Ca, calcium; P, phosphorus; PRED, prednisolone; ALN, alendronate; β-Ecd, β-ecdysterone.](MMR-17-01-1591-g01){#f2-mmr-17-01-1591}

![Immunofluorescence and TUNEL staining in rats from various experimental groups. The protein expression of Beclin-1 and LC3I/II was detected using immunofluorescence staining. Apoptosis was assessed using TUNEL staining. Magnification, ×200. Control, untreated rats; PRED, rats received PRED for 4 weeks; PRED + ALN, rats received PRED and ALN for 4 weeks; PRED + β-Ecd, rats received PRED and β-Ecd (5 or 10 mg/kg) for 4 weeks. TUNEL, terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling; LC3I/II, microtubule-associated protein 1A/1B-light chain 3I/II; PRED, prednisolone; ALN, alendronate; β-Ecd, β-ecdysterone.](MMR-17-01-1591-g02){#f3-mmr-17-01-1591}

![Expression of RUNX2, RANKL and BMP2 in rats from the various experimental groups. The mRNA expression levels of (A) RUNX2, (B) RANKL and (C) BMP2 were measured using the reverse transcription-quantitative polymerase chain reaction. (D) The protein expression levels of RUNX2, RANKL and BMP2 were detected using western blot analysis. Control, untreated rats; PRED, rats received PRED for 4 weeks; PRED + ALN, rats received PRED and ALN for 4 weeks; PRED + β-Ecd, rats received PRED and β-Ecd (5 or 10 mg/kg) for 4 weeks. Data are expressed as the mean ± standard deviation. \*\*P\<0.01 vs. control; ^\#\#^P\<0.01 vs. PRED. RUNX, Runt-related transcription factor; RANKL, receptor activator of nuclear factor-κB ligand; BMP, bone morphogenetic protein; PRED, prednisolone; ALN, alendronate; β-Ecd, β-ecdysterone.](MMR-17-01-1591-g03){#f4-mmr-17-01-1591}

![Expression of Beclin-1, ATG5, LC3I/II, Bcl-2 and caspase-3 in rats from various experimental groups. The mRNA expression levels of (A) Beclin-1 and (B) ATG5 were measured using reverse transcription-quantitative polymerase chain reaction. (C) The protein expression levels of Beclin-1, ATG5, LC3I/II, Bcl-2 and caspase-3 were detected using western blot analysis. Control, untreated rats; PRED, rats received PRED for 4 weeks; PRED + ALN, rats received PRED and ALN for 4 weeks; PRED + β-Ecd, rats received PRED and β-Ecd (5 or 10 mg/kg) for 4 weeks. Data are expressed as the mean ± standard deviation. \*\*P\<0.01 vs. control; ^\#\#^P\<0.01 vs. PRED. ATG, autophagy protein; LC3I/II, microtubule-associated protein 1A/1B-light chain 3I/II; Bcl, B-cell lymphoma; PRED, prednisolone; ALN, alendronate; β-Ecd, β-ecdysterone.](MMR-17-01-1591-g04){#f5-mmr-17-01-1591}

###### 

Alterations in BMD and microarchitectural parameters of the fifth lumbar vertebra of rats in the various treatment groups.

                          Group                                                                                                                                                                                                   
  ----------------------- ------------- ------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- -------------------------------------------------------------
  BMD, g/cm^3^            0.299±0.007   0.150±0.031^[a](#tfn2-mmr-17-01-1591){ref-type="table-fn"}^   0.259±0.015^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^   0.229±0.006^[b](#tfn3-mmr-17-01-1591){ref-type="table-fn"}^   0.263±0.006^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^
  BS/TV, mm^−1^           3.78±0.212    2.68±0.213^[a](#tfn2-mmr-17-01-1591){ref-type="table-fn"}^    3.81±0.139^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^    3.74±0.238^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^    3.74±0.046^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^
  BV/TV, %                35.68±0.379   24.83±1.627^[a](#tfn2-mmr-17-01-1591){ref-type="table-fn"}^   32.07±0.558^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^   30.49±0.761^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^   32.46±0.001^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^
  Tb.N, mm^−1^            1.313±0.049   0.954±0.079^[a](#tfn2-mmr-17-01-1591){ref-type="table-fn"}^   1.275±0.058^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^   1.250±0.064^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^   1.276±0.009^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^
  Tb.Th, mm               0.272±0.007   0.260±0.005                                                   0.252±0.007                                                   0.244±0.006^[b](#tfn3-mmr-17-01-1591){ref-type="table-fn"}^   0.254±0.002
  Tb.Sp, mm               1.037±0.048   1.657±0.155^[a](#tfn2-mmr-17-01-1591){ref-type="table-fn"}^   1.067±0.011^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^   1.122±0.071^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^   1.061±0.030^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^
  Structure model index   −3.90±0.345   −4.32±0.344                                                   −3.21±0.261^[b](#tfn3-mmr-17-01-1591){ref-type="table-fn"}^   −3.36±0.543                                                   −3.48±0.193^[c](#tfn4-mmr-17-01-1591){ref-type="table-fn"}^

Control, untreated rats; PRED, rats received PRED for 4 weeks; PRED + ALN, rats received PRED and ALN for 4 weeks; PRED + β-Ecd, rats received PRED and β-Ecd (5 or 10 mg/kg) for 4 weeks. Data are expressed as the median ± standard deviation.

P\<0.01 vs. control

P\<0.05

P\<0.01 vs. PRED. BMD, bone mineral density; PRED, prednisolone; ALN, alendronate; β-Ecd, β-ecdysterone; BS/TV, bone surface density; BV/TV, trabecular bone tissue volume density; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular plate separation.

[^1]: Contributed equally
